The mountains of the Western United States provide a vital natural service through the storage and release of mountain snowpack, lessening impacts of seasonal aridity and satiating summer water demand. However, climate change continues to undermine these important processes. To understand how snowpack may change in the headwaters of California's major reservoirs, the North American Coordinated Regional Climate Downscaling Experiment is analyzed to assess peak water volume, peak timing, accumulation rate, melt rate, and snow season length across both latitudinal and elevational gradients. Under a high-emissions scenario, end-of-century peak snowpack timing occurs 4 weeks earlier and peak water volume is 79.3% lower. The largest reductions are above Shasta, Oroville, and Folsom and between 0-and 2,000-m elevations. Regional climate model and global forcing data set choice is important in determining historical snowpack character, yet by end century all models show a significant and similar decline in mountain snowpack.
Plain Language Summary
Mountains are natural water towers that store snowpack in winter and release it as snowmelt during spring to summer. However, climate change has and continues to undermine this natural service. To answer where and when water resource management may be impacted by a future of low-to-no snowpack, we can leverage climate models, which are able to project the future conditions of mountain snowpack under various assumptions of global greenhouse gas emissions. In this study, we use five unique climate models under a high-emissions scenario to evaluate a set of snowpack measures upstream of 10 California reservoirs. These 10 reservoirs represent nearly half of California's surface storage and by end century could face a 79% reduction in peak snowpack water volume. This work provides detailed guidance on the mountain snow conditions policymakers, water managers, and scientists will encounter in addressing adaptive resiliency in the face of climate change.
Introduction
North American mountains comprise a quarter of the continent's land surface but store 60% of the 1,365 million acre-feet (MAF) of annual peak snow water (Wrzesien et al., 2018) . Water budgets of Western United States are largely dependent on mountain snowpack, which provides three fourths of the water supply via snowmelt (Palmer, 1988) . In California, the Sierra Nevada mountain range supplies 60% of the consumptive water use and supplements the state's reservoir storage capacity by 72% through mountain snowpack (Bales et al., 2011; Dettinger & Anderson, 2015) . The recent 2012-2016 drought, which featured record-low snowpack and subsequently strained water resources, provided a poignant reminder of the importance of mountain snowpack to California's economy and population (Belmecheri et al., 2016) . Insufficient water availability during this period led to a loss of 2.7 billion dollars in agricultural revenue, 21,000 jobs, and a diminished ski season length and quality and led to a statewide mandatory urban water use reduction of 25% (Mote et al., 2016) .
Long-term observational records reveal that the average volume and peak timing of mountain snowpack is decreasing and shifting earlier in the season Climate model simulations corroborate observed decreasing trends in mountain snowpack and show a future of consistent low-to-no snowpack largely due to surface warming and augmentation in precipitation phase associated with anthropogenic climate change (Cayan et al., 2008; Pierce et al., 2008; Pierce & Cayan, 2013) . Recent work comparing bias-corrected statistically downscaled global climate model (GCM) simulations, a variableresolution GCM simulation, and a coordinated set of regional climate model simulations concluded that the Sierra Nevada may lose between 30% and 60% of average snowpack by midcentury (Brekke et al., 2013; Maurer et al., 2007; Mearns et al., 2012 Mearns et al., , 2013 Rhoades et al., 2016; Rhoades, Ullrich, et al., 2018) . These studies, in combination with others in the fourth National Climate Assessment, led to the conclusion that with little-to-no climate change mitigation, and without changes to current water management strategies, there is very high confidence that reoccurring and persistent hydrological drought will become commonplace by the end of this century (Wehner et al., 2017) .
As water managers look ahead to a future with decreasing snowpack, there is a need for more detailed information about the speed with which snow conditions are changing in different geographic locations and whether the choice of downscaling methodology has important implications on this, especially within catchment regions of major reservoirs. There is also a need to understand how climate change will affect seasonal and interannual variability in snow dynamics. However, the degree to which climate models and downscaling tools can adequately characterize changing snow dynamics at the spatial and temporal scales required has not been fully investigated. To date, Pierce and Cayan (2013) has been the only study to systematically evaluate a broad range of snow measures in the Western United States within the larger scope of climate model simulations imposed by climate change scenarios. The authors used statistical downscaling to add regional detail to 13 CMIP5 GCM simulations. By end century, they found significant decline in the fraction of snow water equivalent per precipitation event and the persistence of mountain snowpack, especially in coastal mountains such as the Cascades and Sierra Nevada. Although statistical downscaling approaches provide a computationally efficient means to downscale GCM projections to higher resolution, the relationships built into statistical downscaling during the historical training period can break down under climate change due to the lack of positive feedback loops (e.g., snow-albedo feedback) and modifications in synoptic-to-regional scale interactions (Walton et al., 2015; Walton et al., 2017) . Both of these are captured by more computationally intensive dynamical downscaling and/or hybrid dynamical-statistical downscaling approaches.
In California, a series of hybrid dynamical-statistical downscaling efforts evaluated climate change influences on snow cover fraction and area and snowmelt timing and runoff throughout the Sierra Nevada as well as more focused efforts in understanding changes to precipitation phase and its influence on snowpack totals in the southern Sierra Nevada ( With that said, even among dynamical downscaling approaches, significant historical biases have been identified in their ability to capture key features of the seasonal snow accumulation and melt cycle including the timing and magnitude of peak SWE, mean accumulation rate, and mean melt rate, all of which vary with model resolution and subgrid-scale parameterizations (Rhoades, Jones, et al., 2018) . Given the range in quantified model skill for capturing historical snow dynamics, an important question is how the choice of model, or downscaling methodology, affects future projections of snow conditions and dynamics that might be used in a water management planning context.
In this study, we aim to understand how the character of Sierra Nevada snowpack will change in a detailed fashion using process-level metrics to quantify seasonal dynamics at spatial and temporal scales of relevance for major reservoir operations in California. We further examine how historic biases in these metrics affect future projections across an ensemble of regional climate models. We employ the multimetric framework from Rhoades, Jones, et al. (2018) , referred to as the SWE triangle, to evaluate snowpack in the headwater regions of 10 major reservoirs in California under a high-emissions scenario. The SWE triangle allows for a systematic evaluation of the snow season at a process level using metrics that characterize unique features of the snow season including peak water volume, peak timing, average accumulation and melt rate, and snow season length. Consequently, this framework provides a more comprehensive assessment of model veracity beyond one measure of skill (i.e., average depth of winter season snowpack) and has the potential to elucidate compensating biases that may exist. To maximize the utility of the SWE triangle multimetric framework we apply it across latitudinal and elevational gradients to understand their role in shaping mountain snowpack.
In the following sections, we aim to answer four major questions surrounding the regional spatiotemporal change in Sierra Nevada mountain snowpack:
 How will snowpack change in the headwater regions of major surface reservoirs?  (2)  What are the latitudinal dependencies of snowpack change?  (3)  How does snowpack change across elevational gradients?  (4)  Does the choice of regional climate model influence future projections of snowpack?
Data and Methods
This study assesses snowpack statistics using the SWE triangle methodology of Rhoades, Jones, et al. (2018) . The six SWE triangle metrics are a simple, informative means to quantify the key features of the annual snow season.
These metrics include the snowpack accumulation start date, the snowpack accumulation rate (mm/day), the snowpack accumulation peak date and peak water volume at this date (MAF), the snowpack melt rate (mm/day), the complete melt date, and the length of the accumulation and melt season (days). Hereafter, the term peak water volume will refer to the volume of peak SWE in MAF (1 MAF = 1.23348 km 
How Does Snowpack Change Across Elevational Gradients?
Climate change is expected to impact precipitation phase through a shift shown. However, unlike snowpack accumulation rates, unique low-to-middle and middle-to-high elevation dependencies are seen. For example, at 0-to 1,000-m, 1,000-to 2,000-m, and 2,000-to 2,500-m elevations, historical snowpack melt rates were 1.59, 3.61, and 7.37 mm/day, respectively. By 2039-2059, snowpack melt rates diminish to 15% at 0-500 m and 2,000-2,500 m and up to 65% between 500 and 1,500 m relative to 1985-2005.
The smaller change in snowpack melt rates at lower elevations is likely because low-to-no snow is deposited, whereas at middle elevations, where larger changes are seen, the variability of the snowline is maximized. By 2079-2099, snowpack melt rates contract to 67-73% of historical rates across all elevations.
Thus, the NA-CORDEX ensemble projects that by midcentury and endcentury snowpack accumulation at higher elevations will resemble those that were 1,500-2,000 m lower in elevation historically. Coupled with this, an earlier peak timing of 1 to 3 weeks is shown. In addition, slower snowmelt in a warming world has been corroborated by previous studies, for example, Musselman et al. (2017) , and is partly due to less snow accumulation in early winter leading to less available snow to melt but also due to shortwave radiation constraints as the snowpack peak accumulation date shifts earlier in the season when seasonal latitudinal gradients in shortwave radiation are maximized. We next evaluate the influence of model choice on future projections of snow measures.
Does the Choice of Regional Climate Model Influence Future Projections of Snowpack?
Besides physical mechanisms, regional climate model choice has important implications on simulated land-atmosphere interactions through differences 
Conclusions
In this study, nine regional climate model simulations are analyzed using the SWE triangle multimetric framework in order to understand how the character of Sierra Nevada snowpack will change over the coming century under a high-emissions scenario. The use of the NA-CORDEX multimodel ensemble expands the number of regional climate models assessed in California and allows us to answer how the choice of regional climate model shapes future projections of mountain snowpack. The use of our multimetric framework allows for a more fine-grained analysis of the character of the changing snowpack and how these changes differ across the community of models.
The ensemble average of the nine NA-CORDEX simulations show that by endcentury SWE peak timing may occur 4 weeks earlier coupled with a 79.3% reduction in peak water volume upstream of 40% of California's surface water storage. Given that Sierra Nevada snowpack approximately doubles California's surface water storage and releases the water gradually into downstream reservoirs during arid months, a 79.3% reduction presents a major challenge that likely will require fundamental changes in the way that water resources are managed in California.
Despite a slight projected increase in future northern California precipitation (Neelin et al., 2013) , the greatest loss in simulated peak water volume at peak timing occurs in the northern latitudes, nearly double that in the central and southern latitudes combined. By end century, the headwaters of Shasta, Oroville, and Folsom experience a reduction in peak water volume at peak timing of 83.8%. Shasta, Oroville, and Folsom provide more than 20% of California's surface water storage alone. Therefore, a significant reduction in snowmelt would likely undermine the effectiveness of the Central Valley Project given no changes to water management.
By end century, when elevation-dependent warming is most pronounced, snowpack accumulation rates diminish by 77.1% to 80.3% between 0-and 2,000-m elevations. Therefore, snowpack accumulation rates at 1,500-2,000 m by midcentury and 2,000-2,500 m by end century resemble those at 0-500 m historically. Similarly, by end century, snowpack melt rates reduce to 67-73% of historical rates across all elevations, which corroborates other single-model studies of slower snowmelt in a warming world (e.g.,
Musselman et al., 2017).
Although regional climate model resolution had some impact on the historical representation and projected change in snowpack, regional climate model choice and global forcing data set had more of an impact. This is shown in the broad range of projected snow measures based on the individual model chosen. Although there is spread in the magnitude of decline across models at midcentury, especially in snowpack melt season length and melt rate, by end century most models agree that peak water volume and accumulation and melt rates will diminish substantially.
Without changes to current water management practice based on the assumption of an abundance of mountain snowpack deleterious impacts on water resources could affect the prosperity of California's future (Hanak & Lund, 2012; Tanaka et al., 2006; Wehner et al., 2017) . This work provides detailed guidance on the mountain snow conditions faced by policymakers, water managers, and scientists as they build adaptive resiliency and abate the risks related to a future of low-to-no snowpack.
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